The paper presents the results of using rapid prototyping technology for obtaining implants that consist of Wigner-Seitz cellular structures. Using the method of stereolithography, prototypes from EnvisionTec SI 500 photopolymer were obtained at the Envision TecPerfactoryXede installation; 200 watts gas (CO²) laser was used in the process. The possibility of creating cellular materials with complex spatial structure has been shown. Laser sintering was performed at the Realizer SLM 50 installation, and argon was used for protective atmosphere in the working chamber. A 250 W 680 nm fiber laser was used in the process. The source material was 316L stainless steel powder. Sintering was performed on a steel substrate with radiation intensity of 1,500 mA and 60 ¼s exposure time. Implants were obtained in the form of cells and tubes filled with cells that were implanted into outbred rats at the base of tail. Six months observation of the animals did not reveal rejection of implants, and the integral indicators (behavior, appetite, temperature reaction) were in the normal range. A 3D model of jaw implant was created using the DelcamPowerShape software suite. Initial material in the experiment was titanium powder with particle of an average size of 30 ¼m, which had the shape close to spherical. Samples were sintered at intensities of radiation of 1,000 mA, 1,400 mA, and 1,700 mA. In order to reduce samples manufacturing time while maintaining integrity of the Wigner-Seitz cell structure without thinning walls, layer dissection distance of 0.1 mm was chosen.
Currently in medical practice, in reconstructive plastic surgery in particular, innovative technologies are intensively used for reconstruction of bone defects by making individual medical implants, creating supporting structures for dental prostheses in dentistry, plates for maxillofacial surgery (Semkin, 2000) , (Tverskoy, 2012) . For this purpose, various biocompatible materials (titanium and its alloys, zirconium ceramics, polymeric materials, etc.) are used (Mazzoli, 2013) .
The rapid prototyping method (Nazarov, 2011 ) is used to produce both single prototypes and small production quantities. The time of forming the finished product depends on the size of the sample and not on its complexity. The technology can be used for layer-by-layer synthesis of parts with properties that can be unique for certain type of products, such as improved mechanical characteristics, homogeneous structure. The method makes it possible to fully use computer-aided design (CAD) software in combination with laser technology for synthesis of 3D products (Nazarov, Okounkova, 2012) . When making structural changes in a part, or during development of several standard sizes, only the 3D model of the part is changed, rather than the technological process, which reduces production time.
One of the most effective methods that make it possible to obtain products of complex spatial structure from a wide range of materials is selective laser sintering (Capel et al., 2013) . Manufacturing of similar structures with other methods (substrative or formative) is difficult, due to complex spatial geometry of samples and the presence of cellular structures. As a result of substrative processing (mechanical, electric corrosion and others), elementary quantities of material are removed from the surface. The formative method is in making the shape of the product without removing layers of material from the initial workpiece.It includes surface plastic deformation, plastic working, molding, etc. Products obtained with the help of additive technologies in the majority of cases require neither further mechanical processing, nor designing additional technological tooling. The geometry of the model unambiguously defines the process of updating it, there cannot be many variants in processing, and the influence of human factor is limited, as well as accumulation of discrepancies, as compared to traditional technological processes (Walter, 2011) The essence of the method lies in the fact that under the action of powerful laser radiation, the powder is sintered layer-by-layer in accordance with the original 3d model that is prepared using various CAD systems (Miller, 2003) . The powder material is applied to special substrate (titanium, aluminum, steel, etc.) and is leveled with a scraper; the particles ablate or completely melt under heat action of laser radiation. As a result, the particles solidify, forming a fused or sintered structure, the substrate is lowered one level down and the process repeats. The sample is formed in the layer of powder material, thus minimizing the number of supports required for defect-free formation of the product. The excess of the powder may be reused after sieving. Inert gas or vacuum is used as protective atmosphere, which is chosen depending on powder material (Gibson, 2009 ), (Gibson, 2010) .
Properties of highly porous cellular structures depend on both initial material (inherited defects may occur) and geometric structure, and on the method of obtaining as well. When the melt is foamed with gas, and in case of suspension duplication of the polymer matrix, uneven and unregulated porous structure may occur (content and size of pores). As a result of using the technological scheme of producing metal foams from metal powders and porofors, the following shortcomings may be identified: limited number of systems, and the problem of choosing the porofor -the temperature of its decomposition must be a little lower than the temperature of metal melting. When the melt is formed with removable solid porofor, the difficulty in its extraction usually occurs. Compared to traditional methods (Antsiferov, Porozova, 1996) of obtaining highly porous cellular materials, the method of selective laser sintering is dominating for creating materials with regulated structure.
The aim of this work was the use of methods of rapid prototyping for creating implants that consist of cells of regular geometrical shape out of various materials (photo-polymer, steel and titanium powders) for replacing bone defects. The goals of the experimental study included: a)
Developing a computer 3D model of the samples with cellular structure of WignerSeitz; b)
Updating prototypes out of photo-polymer SI 500 according to the technology of laser stereolithography; c)
Selective laser sintering of implants out of stainless steel 316 L powder; d)
Implanting the obtained samples to outbred rats close to tail base; and e) Selecting modes of laser sintering and manufacturing draw titanium implants.
METHODS
The implants are based on 2 mm cells with 0.05 mm walls, representing a region of space centered at some point of the Bravais lattice, which is closer to this point of the lattice than to any other point (Figure 1 ). The smallest volume area delimited by planes is a WignerSeitzcell (Ashcroft, 1979) . absence of magnetic properties. The particles were sintered on a steel substrate with intensity of radiation of 1,500 mA, the time of exposure was 60 µs. The implants were formed in the shape of Wigner-Seitz cells, and in the shape of tubes filled with cells ( Figure 2 ).
Fig. 1. An elementary Wigner-Seitz cell
For manufacturing an implant with Wigner-Seitz cell structure, we used the technology of stereo lithography (Stereolithoqraphy-SLA) (Kumar, Kruth, 2010) . In the initial phase, the implants were obtained from theEnvisionTec SI 500 photo-polymer on the installation for fast prototyping Envision Tec Perfactory Xede EnvisionTecPerfactoryXede with the working area size of 220×280×380 mm. A 200 W gas (CO²) laser was used in the process.
Metallic samples for implanting into animals were grown at an installation for selective laser sintering Realizer SLM 50 with the development area size Ø 70×35 mm. A 250 W 680 nm fiber laser was used in the process. The protective atmosphere of the working zone was argon, and pressure of 8 mBar was maintained in the chamber. The initial material for obtaining samples was stainless steel powder AISI 316 L with average particle size of 30 µm. Steel has high corrosion and heat resistance up to 600 degrees, sufficient ductility, and is characterized by the The next stage of the research was preparing a jaw implant for implanting into a rabbit. A 3D model of the sample was prepared with the use of the DelcamPowerShape software suite, and all objects were solid and sheet bodies. The model was an array with dimensions of 6 ×10 × 8 mms, consisting of elementary Wigner-Seitz cells with the cell size of 2 mm, and wall thickness of 0.05 mm (Figure 3) . The design also contained elements for fixation of the implant. The model was sectioned into layers in the Magics software package, and a file of the model and supports was created in the *.f&s format.
4 possible indentations were selected for sectioning the model into layers of 0.05; 0.1; 0.15; 0.2 mm. In case of indentations equal to 0.15 and 0.2 mm, the walls contour of WignerSeitz cells was completely filled, which increases the time of growing samples. If the indentation of layer sectioning is more than 0.2 mm, the structure of cells becomes distorted. The indentation is 0.05 mm and less, the time of manufacturing is reduced, but the walls become thinner, which may lead to insufficient durability of the structure. The layer sectioning indentation value equal to 0.1 mm was chosen in order to preserve structural integrity of the cells with reduced time of manufacturing (Figure 4) .
Initial material in the experiment was titanium powder with particle of an average size of 30 µm, which had shape close to spherical ( Figure 5 ). The powder was studied using an inverted top light microscope Olympus GX 51 with magnification 200. The particles of the powder were sintered on a titanium and steel substrate, and various parameters of laser radiation were used. The thickness of the processed layer was 30 µm, and time of exposure was 60 µs. Sintering occurred at intensities of radiation of 1,000 mA, 1,400 mA, and 1,700 mA.
RESULTS
On the basis of earlier implemented program of computer visualization of bone defect (Vasilyuk 2014) , which consisted in creating a digital three-dimensional image according to computer tomography data, the size of the defect was defined, as well as borders of the resection planned. The 3D image was transferred into the STL format, and computer modeling was performed for the will-be implant with cellular structure that completely matches the defect of the bone. With the use of technology of stereolithography, a prototype was manufactured from the SI 500 photopolymer with correct geometrical structure, consisting of Wigner-Seitz cells. The possibility of creating cellular materials with complex spatial configuration has been shown. Using the method of selective laser sintering on a steel substrate, samples of implants were obtained from stainless steel AISI 316 L. For processing steel powder, the following amounts of sintering were selected: intensity of radiation was 1,500 mA, time of exposure was 60 µs, and the speed of laser beam scanning was 500 mm per second. The obtained samples were implanted into 5 outbred rats, close to the base of their tails. After implanting, the general state of the animals was assessed for half a year, using integral indicators (behavior, appetite, and temperature reaction) and tail tissues local reaction was assessed for the surgical interference. In course of observing the animals, it was found that they were active, their temperature reaction was normal, and their appetite was not affected. The local and general reaction to the implant was manifested only at the beginning of the experiment (8 to 10 days).
In the locations of samples implanting in the rats' tails area, pink scars are visualized on the skin, and no rejection of the implant is observed. With the help of DelcamPowerShape software suite, a 3 D model of a draw implant was formed. In order to reduce samples manufacturing time while maintaining integrity of the Wigner-Seitz cell structure without thinning connection elements, layer dissection distance of 0.1 mm was chosen. The following modes were considered for processing titanium powder: time of exposure -60 µs, speed of laser beam scanning -500 mm per second; in the process three intensities of radiation were studied with I=1,000 1,400 and 1,700 mA. Various materials for the substrate were also considered for layer-by-layer synthesis of products. In course of sintering particles of titanium powder on a titanium substrates, it was found that intensity of radiation I=1,000 mAwas insufficient for uniform structure of the particles and preserving the shape, sintering was not complete, and the samples exfoliated. The current with I=1,400 mA was not enough for sufficient adhesion of the titanium particles to the substrate, each layer sequentially peeled off the titanium base ( Figure 6 ). The same effect was observed in sintering on a steel substrate with radiation intensity of I=1,000 1,400 and 1,700 mA; the layers of the material peeled off due to insufficient adhesion. The full-fledged formation of the implant occurred in case of laser beam intensity I=1,700, with time of exposure 60 ¼s. As a result, a sample was obtained with regulated cellular structure; the total time of manufacturing was 2 hours and 30 minutes (Fig. 7)   Fig. 6 . Sample peeling off 
DISCUSSION
Reconstructive plastic surgery is related to introducing foreign bodies into the tissues of the organism, and in manifestations of tissue reaction to their material (Syam, 2011) , (Beglaryan, 2011) . The material of the implant should cause necessary reaction of the tissue that would ensure its efficient acceptance and formation of healthy bone tissue. In this regard, materials for implants are to meet a number of requirements: non-toxicity, biological compatibility, absence of immunological rejection, availability of adhesion surface and the optimal size of pores for unhindered proliferation of osteoblasts in implant cells. The most frequently used material in implant dentistry is titanium and its alloys, due to its high durability and corrosion resistance. These materials do not change their properties in interaction with aggressive biological environments of the organism and do not cause toxic influence on live tissues, thus they fully meet requirements for implants (Hench, Johnes, 2007) , (Mullen et al., 2010) , (Pattanayak et al., 2011) . In addition, the corrosion resistance is observed in austenitic steel AISI 316 L, which is actively used in surgical and medical industry; however, it is characterized by insufficient resistance in case of direct contact with biological environments. This problem can be solved by adding various biologically compatible materials, for example, hydroxyapatite, for increasing osteoconductive and osteoinductive properties (Hao et al., 2009) .
Availability of the developed regulated surface structure of the implant is an important aspect in growing the bone tissue, resulting in biological fixation of the implant. This work is focused on the use of Wigner-Seitz cells in the structure of the implant, with cell size of 2 mm, and wall thickness of 0.05 mm. In addition, variants were considered for creating samples with pore size between 0.5 to 1 mm (Vasilyuk, 2014) . It is assumed that a structure with increased cell size would make it possible to achieve earlier osseointegration, due to freer proliferation of osteoblasts into cells of the implant. The vertebrae and the jaw consist of a lamellar bone tissue formed on the outside of a cortical layer of compact bone tissue, and on the inside of spongy bone tissue formed by bone plates, between which red bone marrow is located (Kuznetsov, 2007) . The similarity of histological structure of jaws and vertebra makes it possible to introduce the implant into the area close to the base of tail. Creating cellular materials with regulated structure, and results of introducing implants into the area close to the base of animalstails, make it possible to conclude that the positive result is promoted not only by the kind of material but by the structure and design of the implant, as well.
Modeling loads and tensions experienced by the implant in the exploitation (loads from surrounding bone tissue, loads from the free surface of the implant) would allow fullassessingof the applicability of this structure. The behavior of cellular materials is described by mechanics of solids. Theoretical models of mechanical behavior of this class of materials make it possible to calculate physical and mechanical constants of the material, and to define the areas of tensions concentration and deformation mechanisms that precede destruction of the cellular material. Calculation of the implant design response to external influence, and modeling various states of cellular materials would allow to forecast effective values of external destructive pressure and the modulus of elasticity of the cellular material.
Along with quality requirements that are applicable to the initial materials, and geometrical composition of highly porous cellular structures, their properties depend on methods of obtaining as well. The technology of selective laser sintering makes it possible to make an implant that would repeat the form of the replaced organ with high degree of accuracy. The most important parameters that define the quality of sintered layers and, consequently, of the whole sample are the characteristics of the initial materials and parameters of sintering.The characteristic of initial materials include size and shape of particles, their bulk density and the specific surface area of the powder. The parameters of sintering are intensity of laser radiation, time of exposure, power of the laser, speed of scanning, and frequency of pulses. The quality of sintered layers is characterized by the maximum achievable accuracy, uniform density, maximum and minimum thickness of the processed layer. Also an important role is played by the protective atmosphere, especially when working with titanium, due to its chemical reactivity. An important stage is the selecting of the optimum parameters of processing, both experimentally and by the methods of mathematical modeling (Grishaev, 2011 ), which would make it possible to improve the process of creating materials with predefined set of requirements (Bagatov, Zakharov, 2011) .
CONCLUSION
The present work shows the possibility of creating cellular materials with a complex spatial structure, using the technologies of rapid prototyping that would make it possible to reproduce an implant with high degree of accuracy. Due to design peculiarities related to the complex structure of the internal channels of the samples, their manufacturing by subtractive and formative methods is rather difficult. The additive technologies, such as selective laser sintering and the method of stereolithography made it possible to obtain modeled structures with a predefined degree of accuracy.
On the basis of computer software for 3D visualization of defects, computer modeling of an implant was made; the implant matches the defect, and is a geometrical structure of WignerSeitz cells. With the help of laser stereolithography, prototypes of implants were grown from SI 500 photo-polymer. For further research, implants were obtained from stainless steel 316L using the method of layer-by-layer laser sintering, in the shape of cells and in the shape of tubes filled with cells. The samples were implanted into 5 outbred rats and fixed close to the base of their tails. The similarity of histological structure of jaws and vertebra makes it possible to introduce the implant into the area close to the base of tail. The animals were observed for half a year in dynamics, and this made it possible to conclude that the cellular structure of the implant of a certain size contributed to faster growing of bone tissue into the implanted product. No local complications or implant rejection in healing of surgical wounds were observed; the general reaction of animals' organism was absent. Further studies would make it possible to determine the influence of cell size on the mechanism of bone tissue growing into the cells of the implant. With the help of the Delcam Power Shape CAD system, a 3D model of draw implant was created. Titanium implants with Wigner-Seitz cell structure with cell size of 2 mm and wall thickness of 0.05 mm were obtained on an installation for selective laser sintering Realizer SLM 50. It was found that intensity of radiation I=1,000 and 1,400 mA was insufficient for obtaining uniform structure of the particles, preserving the shape, and ensuring stability of the process of layer-by-layer product formation. Laser sintering of particles was observed with current I=1,700 mA. It was found that the layer sectioning indentation value equal to 0.1 mm makes it possible to preserve structural integrity of the cells with reduced time of manufacturing.
The use of implants consisting of Wigner-Seitz cellular structures may be a promising area in reconstructive plastic surgery. Since this study is in the stage of creating implants with a structure consisting of Wigner-Seitz cells, we cannot consider the process fully studied within the framework of this work. Mechanical testing of the obtained samples and implantation of jaw implants into animals is planned. Modeling of influence behavior in the process of exploitation will make it possible to fully assess applicability of this structure. The results shown in this paper are the basis for further research and development, aimed at improving the process of obtaining implants consisting of regulated cellular structures, using the methods of fast prototyping.
